Abstract-This paper presents the characterization and comparison of physiological tremor for pointing tasks in multiple environments, as a baseline for performance evaluation of microsurgical robotics. Previous studies have examined the characteristics of physiological tremor under laboratory settings as well as different operating conditions. However, different test methods make the comparison of results across trials and conditions difficult. Two vitroretinal microsurgeons were evaluated while performing a pointing task with no entry-point constraint, constrained by an artificial eye model, and constrained by a rabbit eye in vivo. For the three respective conditions the 3D RMS positioning error was 144 µm, 258 µm, and 285 µm, and maximum 3D error was 349 µm, 647 µm, and 696 µm. A spectral analysis was also performed, confirming a distinct peak near in the 6-12 Hz frequency range, characteristic of hand tremor during tasks in all three environments.
INTRODUCTION
Microsurgical tasks, such as those performed in the field of ophthalmology, are some of the most difficult tasks for surgeons due to limitations in human performance. Procedures dealing with retinal vein occlusions [1] or internal limiting membrane (ILM) peeling require micrometer positioning accuracy, as typical thickness of the ILM is around 5-10 μm [2] , while retinal vasculature is less than 100 μm in diameter. Accuracy during the procedure must be on the order of these feature sizes, and preferably better, in order to successfully avoid damaging other tissue within the eye. Meanwhile, hand tremor has been shown to have an RMS amplitude on the order of 50-200 μm [3] , [4] at a frequency commonly in the 8-12 Hz band [5] [6] [7] .
Several groups have developed robotic systems with the aim of improving positioning accuracy and reducing hand tremor, such as the Steady Hand Eye Robot [8] and Micron, a fully active handheld micromanipulator [9] and others [10] . It is important to characterize hand tremor during microsurgery in vivo in order to provide accurate system design parameters for these systems and to quantify the degree to which tests in vitro provide a realistic environment for evaluation of tremorcancellation performance by such systems.
To this end, hand tremor has been characterized while performing simple tasks within the laboratory setting using inertial sensing [11] [12], optical tracking [13] [14] , and handwriting analysis [15] . However, the main interest of these studies has been toward developing models to quantify pathological tremor such as Parkinson's disease or essential tremor [5] , rather than characterizing normal physiological tremor under realistic surgical conditions. Only a few attempts have been made to characterize tremor during surgical procedures in vivo [11] , [16] .
There has been no investigation of tremor directly comparing such laboratory tests to surgical tasks in vivo. This is possibly due to the difficulty of measuring the instrument tip accurately during the surgery without interfering with the task. In an ongoing effort to quantify the three dimensional accuracy during microsurgery, this paper presents some of the first comparisons between results in different environments.
Tremor is typically defined as a quasi-periodic oscillation of varying amplitude in a limb [17] . For the purpose of evaluating microsurgical systems, we shall define tremor as any unwanted or involuntary motion of the hand. This includes such occurrences as low frequency wander or drift, involuntary jerk, and quasi-periodic oscillatory motion. This methodology is used since any unwanted deviation during microsurgical tasks has the potential for damaging tissue and should be mitigated.
II. MATERIALS AND METHODS
Tremor was evaluated under three different conditions in order to examine how the effects of interacting with different environments influences tremor characteristics. Conditions such as the elevation of the hand, posture, and positioning of the instrument were kept as similar as possible across all trials in order to provide accurate comparison between testing conditions. The surgical setups for testing within an artificial eye and in vivo are shown in Fig. 2 and Fig. 3 to demonstrate their similarity. To evaluate tremor in each condition, two surgeons performed a holding-still task in which they attempted to hold the tip of the instrument fixed in 3D space above a visible target point for a 20-second duration. The task was then repeated three times for each condition, for a total of six trials per surgeon per condition. All the tasks were performed under magnification through a stereo surgical microscope with the same instrument.
Position sensing across trials was obtained through the use of Micron, a fully handheld active micromanipulator [9] and a custom optical tracking system known as ASAP (Apparatus to Sense Accuracy of Position) [18] . ASAP consists of two position sensitive detectors (PSDs) which track six LEDs located on the Micron handpiece, shown in Fig. 1 . The LEDs provide three degree of freedom (3DOF) tracking of the handpiece and tip orientation. The position measurements are sampled at a rate of 1 kHz and are accurate to within 6 ȝm RMS. The tip position is then reconstructed using the known dimensions of the actuator. During trials, the data was logged to a workstation over Ethernet using User Datagram Protocol (UDP) to be analyzed later.
All of the data collected is oriented with respect to the LEDs mounted on the handpiece. It is possible to transform the position data from the tool space into the workspace; however, this manipulation decreases the accuracy of the data. For this reason the results presented herein are oriented with respect to the handpiece coordinate system shown in Fig. 1 .
1) Unconstrained model:
The unconstrained model has been the most common method for studying the characteristics of tremor. During this trial condition the hand was supported in the same or similar posture assumed for surgery. However, the tip of the instrument is unconstrained by any structure such as the eyeball (vitreoretinal surgeons commonly refer to this as "open sky"). In order to maintain a similar target for the task as in other trials, a fundus image was placed in the microscope view. The surgeon was then asked to locate a feature on the surface of the image and hold the instrument tip a fixed distance above the feature for the duration of the trial.
2) Constrained model:
The constrained model is tested using an artificial eye model developed by Johns Hopkins University, known as the eye phantom. The eye phantom is a hollow soft silicone sphere, roughly 25mm in diameter, that mimics the sclera of the eye. The interior of the eye phantom is painted to resemble the retinal vasculature and provide a consistent target across trials. The setup for the eye phantom is shown in Fig. 2 , and was created to mimic the conditions in vivio. Rotation of the eye in the orbit was created by placing the eye phantom in a machined aluminum cup filled with a water-based lubricant (K-Y Jelly). During trials a cannula was inserted through the eye phantom wall, and the instrument tip then inserted through the cannula for the holding-still task.
3) Rabbit model: Trials in vivo were performed in the rabbit eye with the setup shown in Fig. 3 . The rabbit was anesthetized and the vitreous humor was removed via pars plana vitrectomy under a board-approved protocol. When necessary, the lens was also removed from the eye in order to achieve sufficient visualization of the retina. The instrument was then inserted through a cannula in the sclera [2] and the surgeon was asked to locate a feature on the surface of the retina then hold the position for the duration of the trial.
B. Data Processing
The RMS and maximum error for tremor in the holding-still tasks was determined by calculating the mean position of data collected for each trial. The mean position was then used as the surgeon's intended target (goal) position. Data were then compared across trials with respect to their calculated goal position for each individual axis and in three dimensions. While calculating RMS amplitude this method provides a good comparison of the overall magnitude of tremor across trials, it downplays the role of the larger variations due to tremor. These larger excursions can potentially cause the most harm to tissue, and for this reason it is also important to assess the maximum error. For each trial the maximum error was found for each axis and in three dimensions relative to the goal position, the mean was then calculated across similar trials.
In addition to assessing the RMS and maximum tremor magnitude, the frequency of occurrence was also investigated by combining data sets across each axis in similar holding-still trials to generate histograms for each condition. The number of occurrences was then normalized for each axis and trial for comparison.
A spectral analysis was also performed across all trials of similar type to confirm the source of the tremor and investigate the type of tremor contributing to positioning error. Hand tremor was already understood to contribute within the 8-12 Hz range as mentioned previously, however other sources of low frequency noise below 20 Hz could also contribute to the tremor magnitude. For comparison, spectral data were calculated for each trial and averaged at each frequency in three dimensions and for each individual axis.
III. RESULTS
The results of the RMS error and maximum error for all conditions are presented in Fig. 4 in the upper and lower graphs, respectively. The three-dimensional RMS error was 144±67 μm, 258±144 μm, 285±146 μm when unconstrained, in the eye phantom, and in vivo, respectively. Maximum error was observed to be roughly three times larger than RMS error in all cases, with the three dimensional maximum error calculated to be 379±143 μm, 647±309 μm, 696±332 μm when unconstrained, in the eye phantom, and in vivo, respectively. Similar trends of increasing error across conditions can be observed across each axis in all conditions. However, significant results can only be observed when differentiating between some of the conditions depending on the axis as seen in Fig. 4 . A unique outlier is that the error is significantly larger along the y axis for the phantom trials, which correspondingly increases the three-dimensional maximum error.
The histograms shown in Fig. 5 present the normalized frequency of occurrence for varying tremor magnitudes under each condition. The frequency of higher-magnitude tremor shows a decreasing trend from the unconstrained condition, to conditions in the eye phantom, and then to conditions in vivo. This decreasing trend in the frequency remains fairly constant in all three axes across trial conditions.
A comparison of averaged spectral data across trials for the frequency range from 0.1 Hz to 20 Hz is presented in Fig. 6for all conditions. Distinct peaks can be observed in the 1-3 Hz frequency range and the 6-12 Hz range in all axes and conditions. However, the peak in the 6-12 Hz region in the unconstrained condition is much higher as compared to the condition in vivo. The conditions in the eye phantom and in vivo have a peak that is much flatter and distributed over a larger frequency range than the unconstrained condition.
IV. DISCUSSION
By controlling for variability between surgical conditions it is possible to assess the comparison between tremor in the unconstrained laboratory, a constrained condition within an eye phantom, and their feasibility with respect to conditions in vivo. To this end the RMS and maximum error presented in Fig. 4 demonstrate that there is an increased positioning error during holding-still tasks along all axes during operation in vivo. However, this error in vivo is not significantly different than the error for the constrained condition, suggesting that the additional kinematic constraint at the sclerotomy may increase tip position error, presumably due to the awkwardness of the kinematic configuration for the human operator.
Within the spectral data, distinct peaks can be observed in the 1-3 Hz frequency range that can be attributed to voluntary corrections through visual human-in-the-loop feedback [19] . The larger frequency peak identifiable at the range of 6-12 Hz, which matches well with prior literature showing the tremor peak related to the hand to occur in the range of 8-12 Hz [6] , [11] , [19] . When the hand tremor peak across conditions, it is more widely distributed in the eye phantom and in vivo. Though there is similar energy from the oscillations in all conditions, the energy from the hand is distributed over a larger frequency range for these conditions. As hand position was kept relatively constant during all trials, the shift in amplitude between conditions can be attributed to the constraint imposed by the entry point to the eye.
Since the instrument is passed through a cannula inserted through the eye wall, the shaft of the instrument may translate axially more or less unimpeded, manifesting as the larger tremor peak along the z axis. The substantial impedance encountered in the lateral directions by the tissue (or silicone) results in a damping effect, as the axes of the instrument are no longer free to oscillate independently as in the unconstrained condition.
In addition, once the constraint imposed from the eye phantom or rabbit eye is present the manipulations can no longer be dominated by the arm. The fingers must be recruited for performing microscale positioning. This recruitment can be observed in the higher-frequency tremor along the x-axis, in the range of 20-40Hz [20] , [21] .
An interesting relation is observed across the three conditions. The unconstrained condition has been shown to have more common occurrence of higher-magnitude tremor oscillation; however, the RMS and maximum values show the unconstrained condition to consistently have the lowest position error. When examining the spectral data it can be observed that in all three axes the unconstrained condition also has the lowest energy in the 1-3 Hz region, corresponding to low-frequency drift. The error in the other two conditions was consistently shown to be higher in both RMS and maximum error. Since these conditions also contain higher spectral amplitude in the lower 1-3 Hz band, the larger error magnitude can be attributed to drift error, and not necessarily larger error from physiological tremor.
The results presented are consistent with the current quantification of tremor obtained from laboratory settings and confirm the overall characterization of hand tremor remains within the range of 8-12 Hz. It should be noted that it is important to consider the constraints that shall be placed on
We have compared the characteristics of tremor across three conditions during a holding-still task. As this is an ongoing effort to analyze tremor, we are seeking to gather data from a wider pool of surgeons to compensate for the minor variation among surgeries and surgeons. The holding-still task presented is also limited as a static condition for evaluating tremor; other useful conclusions are expected to be drawn from examining dynamic tasks. We anticipate being able to gather dynamic tremor evaluations through the use of a visual cue injection system [22] , which would provide a path within the surgical environment for the surgeon to trace. This method would also be able to enforce a fixed reference point across trials to increase the repeatability.
